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INTRODUCTION:
Instudies ofthemechanical behavior ofnanocrystalline metals andalloys, conflicting results havebeenobtained for thedependence ofhardness ongrain size. Forexample, JangandKoch [I] , Nieman,Weertman andSiegel [2] , Ganapathi, Aindow, Fraser andRigney [3] , Hughes, Smith, Pande, Johnson andArmstrong [5] , andKochandCho [1.3] found anincrease in hardness withdecrease ingrain size. Theconventional relation_ip for this behavior incoarser grained materials isdescribed bytheHall-Perch equation [6] :
Hv=H o + kd-I/2 whereHv isthehardness, Ho andkareconstants, andd istheaverage grain size. According to these investigators,the increase in hardnesswith decreasinggrainsize is observed down to the finest grained materialexamined, although its variationwith grainsize,maybe, less than in the caseof conventional grainsize material.
In apparentcontrast with this behavior, Lu, Wei andWang [7] , Christmanand Jain [8] Whether a nanocrystalline sample hardens or softens with decreasing grain size does not appear to correlate with the synthesis method. Table I represents a synopsis of the current literature for nanocrystalline materials; it lists the grain sizes or ranges examined, the method of synthesis, the material studied, how the grain size w_tqincreased, and the resultant hardening or softening. The subset of these results, plotted in Fig. 1 , appear to indicate that increased hardening with decreasing grain size is observed generally when hardness is measured on a series of as-prepared samples labeled as "various samples" (e.g., Refs. 1-5,11). Softening has been often found for cases in which hardness measurements are carried out on a single s_nple that is successively heated to produce ever-increasing grain sizes, labeled as an "annealed sample" (e.g., Refs. 7-10,12,13 ); the results for these samples are plotted in Fig. 2 . Hardness changes from nanocrystalline sample to sample were negligible in the investigations of I'd [2] and Ni-P [12] , and the hardness data for Cu in [4] were limited. The hardening of intermetallies can be complicated by the development of different phases (e.g., Refs. 12,13).
The objective of the present review is to compare our previously reported hardness measurements on Cu and Pd [17] with other published results of hardness measurements of nanocrystallhae materials.
EXPERIMENTAL DETAILS:
In the previously reported study, two samples each of nanocrystalline Cu and Pd (n-Cu and nPd) were prepared by inert gas condensation and consolidation [2] . The grain sizes were determined from X-ray line broadening measurements using the Warren-Averbach analysis method and the Scherrer formula [14] . Vickers microhardness was measured with a load of 1130 g applied for 20 s at room temperature, and the mean of I0 measurements is reported. Density measurements of the Pd samples were performed by the Archimedes technique. Residual strain was calculated from Warren-Averbach analyses of (111) & (222) X-ray peaks. The annealing of individual samples was done at 0.315 Tm (423 K for Cu and 569 K for Pd) in an At"atmosphere.
DISCUSSION:
As-consolidated Pd and Cu samples hardened during the initial stages of thermal treatment. The n-Pd samples hardened by 7-11% during the f'u'st60-90 minutes of annealing [17] . The n-Cu samples hardened by 4-5% during the first 20-30 minutes of annealing. Further annealing of both the Pd and Cu resulted in softening as shown bv the slope reversal in Figs. 3 and 4. In Fig.  3 , the hardness data from a representative Cu sample are shown along with the data from the asconsolidated samples of Nieman [2] ; the grain sizes are determined by the Warren-Averbach method. The Cu hardness values exceed those of the as-consolidated samples throughout the thermal treatments, indicating that the hardness improvement is maintained. Fig. 4 presents the data from our Cu sample along with the data of Chokshi et al. [9] , and these grain sizes are determined by the Scherrer formula.
The reason for hardening with exposure to elevated temperature is unclear. The residual strain measurements after each thermal treatment showed negligible change for the nPd and a reduction by a factor of 3 for n-Cu samples [17] . Density measurements for the n-Pd showed little change and were hindered by the small sample size.
CONCLUSIONS:
Individl_l nanocrystalline Cu and Pd samples have hardened and then softened when thermally treated to increase their grain size. Hardening could be caused by densification or changes in internal strains, although measurements of these quantifies were inconclusive. Hardness imprevements could be attributed to interparticle bond growth and neck development as seen in powder metals [15] and proposed for nanophase ceramics [16] . Studies by Valiev [18] of submicton grain size alloys produced by severe plastic deformation indicate that a rearrangement of the grain boundary structure concurrent with heating may be responsible for strengthening the material. Softening follows the Izend observed in earlier work on sets of asprepared samples and appears to result from the increased ease in forming and moving dislocations as the grains grow larger. Fiardening or softening of nanocrystalline metals can depend upon the method used to vary the grain size. Annealing a sample to produce grain growth can result in hardness values greater than those of as-prepared samples with similar grain sizes and this improvement can be maintained throughout the thermal treaffnent. 
